This paper describes the properties of our new alicyclic-methacrylate polymer, poly (carboxy-tetracyclo[4.4.O.12s 17'10]dodecyl methacrylate) (poly(CTCDDMA)), which was designed as a base polymer for the resist for ArF excimer laser lithography. The etching rate of the polymer for chlorine plasma was 1.15 times that for a novolac-based resist, indicating a higher etching durability than that of poly(p-vinylphenol).
Introduction
ArF excimer laser (X =193nm) lithography is the most attractive candidate technology for manufacturing 1-Gbit and larger capacity DRAMs ( s 0.18-µm design rule) and much effort is currently being devoted to its development. However, novolac and poly(p-vinylphenol) (PVP), the conventional base polymers to date for device fabrication, cannot be applied to an ArF resist because they are extremely opaque at 193 nm. As a result, methacrylate polymers including an alicyclic group, such as adamantyl, [1] tricyclodecyl (TCD), [2] isobornyl, [3] and the menthyl group, [4] have been examined as a base resin for positive chemically amplified resist. This is because the aliphatic and high carbon content nature of these bridged hydrocarbons make for a rigid and transparent polymer; moreover, the etching durability of polymers is derived from their carbon content, as reported by Gokan et al. [5] However, the resolution property of these resists suffered from the hydrophobic nature of the alicyclic groups, resulting in limiting the alicyclic-acrylate monomer content to below 50% in all the monomers. Consequently, we designed a polymer to incorporate a carboxylated-alicyclic group, poly(carboxytricyclo[5.2. 1 .026] decylmethyl methacrylate) (poly(CTCDMA)), to introduce the alicyclic group I. Ahnfnnnlvm.
Sri. Terhnnl_ _ Vnl1U_ Nn_4 1997 into all monomers without impairing the hydrophilicity in the polymer. We then confirmed its dry-etching durability equivalent to PVP combined with hydrophilicity and optical transparency at 193 nm. [6a] To demonstrate the feasibility of using alicyclic resists in DRAM production, we attempted to improve the dry-etching resistance further and evaluate the imaging characteristics.
We also reported that the resist based on the ethoxyethyl (ETE)-protected poly(CTCDMA) resolved features down to 0.15 µm, using a diluted developer (s 0.1wt% tetramethylammonium hydroxide (TMAH) aqueous solution Accordingly, in this study, we designed a novel alicyclic-methacrylate polymer, poly(carboxytetracyclo[4.4.0.12'5.1''10]dodecylmethacrylate) (poly(CTCDDMA)), replacing the TCD group (10 alicyclic carbon atoms) with a tetracyclododecyl (TCDD) group (12 alicyclic carbon atoms) to increase the dry-etching durability. Then we evaluated the effect of the alicyclic groups on polymer characteristics (dry-etching resistance, alkaline solubility, transparency, and thermal stability) and lithographic performance as a base resin for chemically amplified positive resist. We also examined the work of adhesion of poly(CTCDMA) to investigate the effect of polymer structures and process conditions on adhesion of resists. Additionally, we developed a polar unit, hydroxy-tricyclodecylmethylmethacrylate, as an adhesion promoter, and investigated its effects on polymer properties and resolution capability.
2. Experimental 2.1. Materials 2.1.1. Polymers Figure 1 shows Fig. 3 . The copolymers and terpolymers containing these units, shown in Fig. 1 The polymerization initiator bis-azoisobutyronitrile was added to the mixture. The solution was then heated to between 60 to 65 °C in an argon atmosphere for 1 hour. After cooling to room temperature, the mixture was poured into ligroin to precipitate the polymer. The product was purified by two reprecipitations. The polymerization ratios were determined by using 1H-NMR spectroscopy.
The novolac-based resist PFI-15A, poly(pvinylphenol) (PVP, Mw =10500), and poly(methy] methacrylate) (PMMA, Mw = 12000) were purchased from Sumitomo Chemical Co. Ltd., Maruzen Petrochemical Co. Ltd., and Aldrich Chemical Company Inc., respectively. 
Polymer characterization
'H -NMR and ultraviolet absorption spectra were measured respectively on Burcker AMX-400 and Shimadzu UV-365 spectrometers. The average molecular weight and polydispersity were measured by gel permeation chromatography on a Shimadzu Gel Permeation Chromatography System. Thermal properties were analyzed with a Mack Science Thermal Analysis System 001.
The dissolution rate was measured on an in-house dissolution monitor. [10] The etching rate for CF4 gas was measured using a parallel plate reactive ion etching system DEM-451 (Anelva Corp.; conditions: 100 W, 30 sccm, 5 Pa).
The etching rates for C12 and HBr were measured with a TCP-9400 (Lam Research; conditions: top-400 W, bottom-50 W; 30 scan, 5 mTorr). Contact angles were measured with a contact angle meter Model CA-X (Kyowa Interface Science Co., Ltd). The work of adhesion value of a polymer on the Si substrate was calculated using formulas with contact angles of water and methylene iodide on the polymer film and the substrate as set forth by Owens', [ We also estimated the Ys, ys ,and ys substrate (S) in the same way as that polymer (P). 2.3. Process conditions Resist solution was obtained by dissolving a polymer (99wt%) and a photoacid generator (lwt%) in diethylenglycoldimethylether. The polymer and a resist film were spun to a 0.45-µm thickness, deposited on a Si substrate, and pre-baked (PB) at 80°C for 60 seconds. The resist was exposed with an in-house contact exposure tool or an ArF prototype lens (Nikon Corp., 1/20 reduction, NA = 0.55, a = 0.7). After that, the resist was postexposure-baked (PEB) at 100°C for 60 seconds on a hot plate, and developed in a tetramethylammonium hydroxide (TMAH) aqueous solution.
3. Results and Discussion 3.1. Polymer properties 3.1.1. Dry-etching resistance we investigated the dry-etching resistance of poly(CTCDDMA). The etching rates for CF4 gas are listed in Table 2 .
The etching rate of poly(CTCDDMA) is 1.15 times that of a novolacbased resist (PFI-15A), while the PVP-based resist has less dry-etching resistance (1.23 times). Figure 6 shows the relationship between the N/(Nc-No) parameter [5] (representing the inverse of the polymer carbon density) and the etching rate, and the etching rate is proportional to the parameter. Apparently, the replacement of TCD, having 10 alicyclic carbon atoms, to TODD, 12 carbons, is a reasonable way to boost the dry-etching durability. For ArF resists to be usable in various process steps, they must be durable when exposed to other etching gases as well.
Therefore, we also measured the etching rates of this polymer for HBr and C12. As listed in Table 3 , the etching rates relative to the novolac-based resist are 1.06 times for HBr gas and 1.20 times for aggressive chlorine plasma; these are slower than those of the PVPbased resist. Apparently, poly(CTCDDMA) has practical etching durability as a matrix polymer for a resist. Table 2. gas.
Etching rate of polymers and resists for CF4 
Alkaline solubility
The carboxy group of poly(CTCDDMA) provides solubility in the TMAH aqueous base. We studied the influence of the polymer structure on the dissolution rate in TMAH solution. Figures 7  and 8 show the influence of the alicyclic group and of the a-substituted group, respectively. Figure 7 shows that the resist containing TCDD (C12) had dissolution rate similar to the TCD (dO)-methacrylate-based 1resist. On the other hand, the a-substituted group does affect the dissolution rate; acrylate polymer poly(CTCDDA) has a higher dissolution rate than methacrylate polymer poly(CTCDDMA).
The aerylate a-hydrogen would offer a dissolution rate enhancement. We also evaluated the dissolution rate dependence of poly(CTCDDMA) on molecular weight (Mw). Figure 9 shows that the dissolution rate gradually decreases as the molecular weight increases from 8,200 to 35,900.
Thermal stability and transparency
The decomposition temperature (Td) and glass transition temperature (Tg) for partially protected poly(CTCDDMA), poly(CTCDDA), and poly (CTCDMA) are listed in Table 4 . These results reveal the following: Replacing the TCD with the TCDD raises the decomposition temperature by 30°C. The homopolymer poly(CTCDDMA) has a Td of 269 °C , and the thermal stability of the copolymers depends on the protection group. 30%-t-Bu-protected poly(CTCDDMA) is the most stable (Td = 218°C). In addition, acrylate homopolymer poly(CTCDDA) has a high Tg (162°C), while the glass transition temperatures for the methacrylate homopolymer and copolymers were not detected by DSC. TMAH concentration (%) Fig. 7 . Influence of alicyclic group structure on dissolution rate change as a . function of TMAH concentration. Table 5 . These polymers have sufficient transparency as single-layer resists. The transmittance for homopolymers and copolymers are respectively 57 %/µm and 66-74 %/µm.
Adhesion characteristics 3.2.1. Effect of polymer structure
We evaluated work of adhesion (W) psfoi alicyclic-methacrylate polymers. The work of adhesion of a polymer on the Si substrate, and the contact angles of water and CH2I2, are summarized in Table 6 . The TCDD-(met)acrylate polymer shows a higher Wps than those of TCD-(met)acrylat€ and conventional resist materials. This demonstrates that the excellent adhesion of poly(CTCDD(M)A) as a base resin. Additionally, it is apparent that replacing the TCDD (C12) group with the TCD (C10) group and acrylate structure are effective in raising the adhesion of polymers.
Effect of protection ratio and TMAH concentration
We investigated the change in the adhesion property of alicyclic-methacrylate polymer. Figure 10 shows the change in the dissolution rate and work of adhesion of poly(CTCDMAI_R-CTCDMA-t-Bux), related to the protection ratio x. To keep the dissolution rate below 1 X 10~ µm/second in the standard developer, the polymer needs protection of over 0.6 with the t-Bu group. However, the work of adhesion decreases in proportion to an increase in the protection ratio, and the 60%-protected polymer (x = 0.6) showed poor adhesion (67.0 mN/m), less than that for a novolac resist (73.5 mN/m), resulting in stripping and collapse of the resist pattern. Therefore, for better pattern resolution, the protection ratio should be reduced in this resist system to allow appropriate adhesion. Figure 11 shows the change in the dissolution rate and work of adhesion for various TMAH concentrations for the t-Bu protected polymer with a reduced, 40% protection ratio (x = 0.4). The work of adhesion for the polymer in the developers increased with decreasing TMAH concentration. This polymer shows an adequate rate of controlled dissolution at a concentration below 0.1wt%. Also, the ratio of the dissolution rate of the non-protected polymer poly(CTCDMA) to the 40%-protected Table 4. polymers.
Thermal properties of hydrophilic alicyclic Table 5 . Transmittance for vol ers at 193 nm. (Wps) of polymer is 200, which is sufficient for good pattern resolution. Clearly, a developer diluted below a concentration of 0.1wt% can be used for lithographic experiments. The resist containing 40%-t-Bu protected polymer showed good resolution of 0.16 tm (Fig.  12 (b) ) without pattern stripping in 0.1wt% TMAH aqueous solution, though the resist based on 60%-tBu protected poly(CTCDMA) could not resolve patterns in 2.38% TMAH developer (Fig. 12 (a) ). This indicates that suitable material and process conditions for pattern formation can be determined by measuring a polymer's work of adhesion.
Hydroxy-tricyclodecylmethylmethacrylate
We examined a new unit, hydroxytricyclodecylmethylmethacrylate (TCDMAOH), for copolymerization with poly(CTCDMA) as an adhesion promoter. Figure 13 shows the change in the dissolution rate and work of adhesion as a function of the TCDMAOH ratio in the copolymer of TCDMAOH and CTCDMA. The dissolution rate decreased, and the adhesion increased with an increase in the introduction of TCDMAOH. We found that the hydroxyalicyclic unit had higher adhesion than the homopolymer poly(CTCDMA) and an inhibition effect in the standard developer. Apparently, the more the introduction of TCDMAOH exceeded 10% (x=0.1), the higher was the value obtained for the work of adhesion, compared to that of the novolac-based resist. Figure 14 shows the relationship between a non-polar unit ratio and the dissolution rates of the copolymer and terpolymer of CTCDMA, tricyclo-[5.2.1.02'6]decylmethylmethacylate (TCDMA), and 20% TCDMAOH. The non-polar TCDMAOH was introduced as a protective group. The terpolymer showed appropriate resistance to ' the developer with the 40% protection, while the copolymer required a non-polar unit content of only 60%. Figure 15 shows the relationship between the ratio for the non-polar unit and work of adhesion in copolymer and terpolymer. The work of adhesion for the terpolymer was 2 mN/m higher than that for the copolymer at all levels of protection ratio, and the TCDMAOH monomer clearly enhanced the adhesion to the substrates, and the resistance in the standard developer. We were able to print 0.35-µm features using the standard developer with 0.5 µm of the resist containing the terpolymer (Fig. 16) . It should be possible to improve the resolution of this resist by optimizing the polymer structure and the lithographic process.
Lithographic evaluation for poly(CTCDDMA)
We evaluated the lithographic capability of the partially protected poly(CTCDDMA) using an ArF prototype lens (NA = 0.55). As shown in Figure  17 , the resist comprising the 30%-THP-protected oly(CTCDDMA) and SIT resolved features down o 0.18 µm at 20 mJ/cm2. We previously reported he high resolution capability of the ETE protective oup for ArF chemically amplified positive resists, [6b], [6c] and applied the group to poly (CTCDDMA). Results showed that the resistbased 35%-ETE-protected poly(CTCDDMA) exhibited a good resolution of 0.15-µm L/S (Fig. 18) when developed with 0.024wt% TMAH aqueous solution. At that time, the developer content was determined by estimating the work of adhesion as described above. poly(CTCDA0,3-CTCDA-THP0,s-TCDAOH0,2) / TPS (lwt%) resist exposed using Nikon ArF prototype lens (1/20 reduction, NA = 0.55). 
Conclusion
We have designed a highly dry-etch-resistant polymer, poly(CTCDDMA), and confirmed that it fulfills the properties for a matrix resin. A resolution of 0.15-µm L/S was achieved. We also evaluated the adhesion to the Si substrate and the dissolution rate of poly(CTCDMA), and were able to estimate the suitable protection ratio and TMAH concentration for the developer by calculating the work of adhesion of the polymer. We demonstrated that the poly(CTCDDMA) has excellent potential as a base polymer for ArF excimer laser lithography. 
